
AN ABSTRACT OF THE THESIS OF

Sarah E. Colpo for the degree of Master of Science in Nuclear Engineering presented on

March 9, 1999. Title: Pressurizer Surge Line Counter Current Flow Limitation During

AP600 Mode 5 Cold Shutdown.

Abstract approved:

Josd, . Reyes, Jr.

Counter Current Flow Limitation (CCFL) was observed in the pressurizer surge line of

the Oregon State University APEX facility during test NRC-10. This test simulated a one-

inch diameter cold leg break with a failure of three of four of the fourth-stage Automatic

Depressurization System (ADS) valves. The result was a high vapor flow rate through

ADS 1-3, that caused CCFL in the pressurizer surge line and liquid holdup in the

pressurizer. Because this liquid was not available for core cooling, further study of the

passive safety systems in the AP600 under Mode 5 Cold Shutdown conditions was

deemed necessary. An analysis of the AP600 geometry and the existing CCFL database

determined that Kutateladze scaling is appropriate for the APEX and AP600 surge lines.

The Kutateladze CCFL correlation was used to assess CCFL in the APEX and AP600

pressurizer surge lines under Mode 5 Cold Shutdown conditions. The results indicate that

CCFL would be expected in the pressurizer surge lines at low pressures and decay powers

prior to ADS 4 actuation. Test NRC-35 examined CCFL and provided data to benchmark

NRC's thermal hydraulic analysis codes. This thesis presents the results of test NRC-35

and the supporting CCFL calculations.

Redacted for Privacy



Pressurizer Surge Line Counter Current Flow Limitation During 

AP600 Mode 5 Cold Shutdown 

by
 

Sarah E. Colpo
 

A THESIS
 

submitted to
 

Oregon State University
 

in partial fulfillment of 
the requirements for the 

degree of 

Master of Science 

Completed March 9, 1999
 
Commencement June 1999
 



Master of Science thesis of Sarah E. Colpo presented on March 9, 1999

APPROVED:

Pr essor, Nuclear Engin ring

Chair o epartment of Nuclear Engineering

Dean Graduate ool

I understand that my thesis will become part of the permanent collection of Oregon State
University libraries. My signature below authorizes release of my thesis to any reader upon
request.

Sarah E. Colpo, Author

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy



ACKNOWLEDGMENT
 

I have had the honor and privilege to be a student of Dr. Jose N. Reyes, Jr. Through 

Dr. Reyes' direction, I have learned a great deal about thermal hydraulics and reactor 

safety. By example he taught me the importance of sharing the gifts we are given. With 

deepest gratitude and humbleness, I thank Dr. Reyes. 

I thank the United States Nuclear Regulatory Commission for funding my education. I 

had the opportunity to work with a number of people associated with APEX. They were 

John Groome, Dr. Abd Lafi, Teresa Culver, Mike Yundt, Chris Gunderson, Dr. Scott 

Franz, Chris Rusher, Dan Wachs, and Mark Strohecker. 

I have to thank Dr. Jack F. Higginbotham, Dr. Corinne Manogue, and Dr. Steve 

Binney for their kindness and support, and for listening to, and encouraging me to follow 

my dreams. 

My mother, Mrs. Sarah Wright Wolpa, my grandma, Mrs. Lutie Mae Merritt-Bass 

Wright, and my sister, Mrs. Elizabeth Andrews taught me that we can do anything that we 

put our minds to. They were right! 

My husband, Mr. Clint Colpo has been my angel on earth. 



TABLE OF CONTENTS
 

Page 

1. INTRODUCTION 1 

1.1 CCFL Description 2
 

1.2 Problem Description and Research Objectives 3
 

2. CCFL THEORY AND LITERATURE REVIEW 6
 

2.1 Review of Earlier Experiments 6
 

2.2 Review of CCFL Models 6
 

2.2.1 CCFL in Vertical Channels and Tubes 8
 

2.2.2 CCFL in Horizontal and Inclined Channels 10
 
2.2.3 Hysteresis Effects 10
 
2.2.4 CCFL Models in Thermal Hydraulic Computer Codes 11
 

2.2.4.1 CCFL Modeled in RELAP5/MOD3.2 11
 

2.2.4.2 CCFL Modeled in CATHARE 12
 
2.2.5 CCFL During Mid-Loop Operations with a Loss of RIM 13
 

3. APEX TEST FACILITY DESCRIPTION 15
 

3.1 Primary System 15
 

3.2 Passive Safety Systems 17
 

4. ASSESSMENT OF CCFL IN APEX AND AP600 19
 

4.1 CCFL Scaling for APEX and AP600 19
 

4.2 Description of NRC-35 22
 

4.3 Test Observations 24
 

4.3.1 Subcooled Phase 25
 
4.3.2 Flooding/Entrainment Phase 26
 
4.3.3 Counter Current Flow Limitation and Hysteresis 28
 
4.3.4 IRWST Injection 31
 



TABLE OF CONTENTS (Continued) 

Page
 

CONCLUSIONS 32
 

5.1 Summary 32
 

5.2 Recommendations for Future Research 33
 

BIBLIOGRAPHY 34
 



LIST OF FIGURES
 

Figure	 Page 

1. Comparison of the PZR and PZR Surge Line Liquid Levels for NRC-10. 1
 

2. Flooding and flow reversal experiment sketches.	 3
 

3. Diagram of CCFL in the AP600 pressurizer surge line.	 4
 

4.	 Layout of the APEX Test Facility. 15
 

5.	 Line Diagram of the APEX Test Facility. 16
 

6.	 Dimensionless Diameter for AP600 and APEX PZR Surge Lines as a
 
Function of Pressure. 20
 

7.	 Predictions of Onset of CCFL in APEX. 21
 

8.	 Predictions of Onset of CCFL in AP600. 22
 

9.	 Onset of CCFL in APEX and AP600. 23
 

10.	 Normalized Pressurizer and Surge Line Liquid Levels in NRC-35. 24
 

11.	 Normalized Reactor Vessel Liquid Levels in NRC-35. 25
 

12.	 Normalized Reactor Upper Head Pressure During NRC-35. 26
 

13.	 Normalized Vapor Velocity for test NRC-35. 27
 

14.	 Kutateladze Number in Pressurizer Surge Line During NRC-35. 28
 

15.	 Onset and deflooding criteria for NRC-35 using the Kutateladze number. 29
 

16.	 Onset and deflooding criteria for NRC-35 using a Wallis number. 30
 



DEDICATION
 

Luke 2:14 

2 Corinthians 5:9 

Hebrews 13:20,21 

Glory to God in the highest, and on earth peace among men with 

whom he is pleased! 

So we make it our goal to please him, whether we are at home in 

the body or away from it. 

May the God of peace, who through the blood of the eternal 

covenant brought back from the dead our Lord Jesus, that great 

Shepherd of the sheep, equip you with everything good for doing 

his will, and may he work in us what is pleasing to him, through 

Jesus Christ, to whom be glory for ever and ever. Amen. 



PRESSURIZER SURGE LINE COUNTER CURRENT FLOW LIMITATION
 
DURING AP600 MODE 5 COLD SHUTDOWN 

1. INTRODUCTION 

Counter Current Flow Limitation (CCFL) in the primary system of a Pressurized 

Water Reactor (PWR) has been the subject of a number of investigations due to its effects 

on core cooling. CCFL was observed in the pressurizer surge line of the Oregon State 

University (OSU) Advanced Plant Experiment (APEX) (Hochreiter, 1994) during test 

NRC-10 (Reyes, 1996). This test simulated a 1-inch (2.54 cm) diameter break at the 

bottom of the cold leg. For this test, only 25 percent of the total ADS 4 flow area was 

available. The reduced ADS 4 flow area forced more steam to be routed through ADS 1-3 

via the pressurizer surge line. The resulting high vapor flow rates produced CCFL in the 

surge line, resulting in a hold up of liquid in the pressurizer. Figure 1 is a plot of the 
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Figure 1. Comparison of the PZR and PZR Surge Line Liquid Levels for NRC-10 
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pressurizer and surge line liquid levels. This figure shows that liquid is held up in the 

pressurizer while the connecting surge line is essentially filled with vapor. As a result, this 

liquid is not available for core cooling. 

Because this was a low pressure event, it is of significant interest to Mode 5 Cold 

Shutdown operations in the AP600. In the event of an AP600 Residual Heat Removal 

(RHR) system failure during Mode 5 Cold Shutdown, without the availability of at least one 

Steam Generator for reflux condensation cooling, boil-off leading to core uncovering can 

ensue. Steam generated from core boiling may have only a single vent path through the 

Automatic Depressurization System (ADS) Stages 1-3 via the pressurizer surge line. Reactor 

Coolant System (RCS) liquid may be convected to the pressurizer. The subsequent liquid 

hold-up in the pressurizer due to the occurrence of CCFL in the pressurizer surge line may 

reduce the time to possible core uncovering. 

1.1 CCFL Description 

The complex behavior associated with counter current flow in vertical tubes has led to 

numerous, and sometimes conflicting definitions of the Counter Current Flow Limitation. 

Figure 2 shows the different conditions occurring during a flooding and flow reversal 

experiment (Delhaye, 1981). 

The first sketch shows liquid being introduced at the pipe inlet, then flowing downward 

through the test section, and being removed at the pipe outlet. There was no upward gas 

flow introduced at this stage of the experiment. The liquid mass flowrate into the test section 

equaled the liquid mass flowrate out, under steady state conditions. The next sketch shows 
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Figure 2. Flooding and flow reversal experiment sketches. 

the results of the introduction of an upward flowing gas. Droplets sheared from the crests 

of waves were swept up with the gas. As a result, the liquid mass flowrate at the outlet of 

the test section was less than the liquid mass flowrate into the test section. This will be 

referred to as a reduced inventory delivery condition. The gas velocity was increased further 

causing the liquid to be held up in the test section. No liquid reached the pipe outlet. This 

zero penetration limit will be referred to in this thesis as the Counter Current Flow 

Limitation. The last sketch shows a complete carry up of liquid from the test section 

entrance. No liquid flows downward. The following section defines the problem to be 

addressed in this thesis. 

1.2 Problem Description and Research Objectives 

CCFL in the AP600 pressurizer surge line can occur during Mode 5 Cold Shutdown if 

accompanied by a failure of the Residual Heat Removal System and partial failures of ADS 
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4. Mode 5 Cold Shutdown occurs during maintenance or prior to refueling operations. 

During Mode 5 Cold Shutdown, keff < 0.99, and the core decay power is the only source of 

energy into the system. Passive safety systems such as Accumulators (ACCs), Core Makeup 

Tanks (CMTs), and the Passive Residual Heat Removal Heat Exchanger (PRHR) system may 

be unavailable for core cooling. The Steam Generators (SGs) may also be unavailable for 

reflux condensation cooling. The only passive safety systems available would be ADS 1-4 and 

injection from the In-containment Refueling Water Storage Tank (IRWST). 

Figure 3 shows a diagram of CCFL in the AP600 pressurizer surge line. Under Mode 5 

Cold Shutdown conditions, a failure of the RHR results in boiling in the core. The steam 

generated in the core flows upward through the pressurizer surge line to the pressurizer, and 

ADS 1-3 

Pressurizer 

Reactor 
Vessel 

Figure 3. Diagram of CCFL in the AP600 pressurizer surge line. 
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out of the Automatic Depressurization System (ADS) Stage 1-3 piping. Under these 

conditions, liquid normally available for core cooling is held up in the pressurizer and the 

surge line. Both a reduced inventory delivery and the zero penetration limit have the potential 

to affect core cooling. Hysteresis effects allow CCFL to continue at a reduced vapor velocity 

until another steam pathway is opened, or until IRWST injection can occur, thereby 

sufficiently reducing the vapor velocity in the surge line. The pressurizer can then drain to 

aid in core mixture level recovery. The primary system pressure must remain less than the 

hydrostatic head of the IRWST plus atmospheric pressure in order for IRWST injection to 

continue. When IRWST injection can no longer continue, sump recirculation must be 

initiated. 

This thesis examines the conditions for the onset of CCFL in the APEX and AP600 

pressurizer surge lines and presents the results of test NRC-35 which examines CCFL 

behavior during Mode 5 Shutdown conditions. 

Chapter 2 of this report contains a summary of earlier CCFL experiments and theory. 

The third chapter presents the APEX test facility description. Chapter 4 presents the 

assessment of CCFL in APEX and the AP600. There were two tests sponsored by the 

U.S.Nuclear Regulatory Commission (NRC) in which CCFL was observed in the pressurizer 

surge line. They were NRC-10 (Reyes, et.al., 1996) and NRC-35 (Colpo, et.al., 1998). 

These new data are presented, along with their analyses, in Chapter 4. 

Finally, Chapter 5 sums up this investigation with conclusions reached from the 

analysis and offers recommendations for future research. 



6 

2. CCFL THEORY AND LITERATURE REVIEW
 

Numerous experiments have been performed to observe the effects of geometry on CCFL. 

Empirical correlations have been presented which match the geometry of the case studied. 

Many papers examine CCFL theoretically. Still others apply existing correlations to a 

particular case to be studied. This chapter summarizes some of the experiments and results 

published. 

2.1 Review of Earlier Experiments 

The following table contains a summary of some earlier CCFL experiments. These have 

been mostly air-water experiments performed in pipes and annuli of various sizes. Early in 

this investigation, the question arose whether CCFL could occur in a large diameter pipe such 

as the AP600 pressurizer surge line. Although none of the earlier tests were done with the 

complex geometry of the AP600 surge line, some large diameter tests have been performed. 

Richter, et. al, (1979) experimentally demonstrated that CCFL can occur in a 10 inch (0.254 

m) diameter tube. The following section describes the models which have been used to assess 

the experimental data. 

2.2 Review of CCFL Models 

Many models have been developed to predict the Counter Current Flow Limitation in 

various geometries and under a wide range of operating conditions. The following sections 

describe models for CCFL in vertical channels and tubes, and horizontal and inclined 
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Database of Earlier CCFL Experiments 

Reference 

Tehrani, Patrick, 

Wragg, and Gardner 

Celata, Cumo, and 

Setaro 

Chun, Chung, and Cha 

Ruggles 

Shoukri, Abdul-

Razzak, and Yan 

Sudo review of : 

Ritchter (1981) 

Ritchter et al. (1979) 

Sudo et al. 0990) 

Crowley and Block 

(1975) 

Riemke 

Lillibridge, 

Ghiaasiaan, and Abdel-

Khalik 

Liu, Tien, McCarthy 

Richter, Wallis, Speers 

Wallis, et.al. 

Tien, Chung, Liu 

McCarthy, Lee 

Ohnuki 

Ghiaasiaan, Wu, 

Sadowski, Abdel-

Khalik 

Sudo, Ohnuki 

Fluid 

air-water 

air-water 

air-water 

air-water 

air-water 

air-water 

air-water 

air-water 

steam-

water 

air-water 

air-water 

air-water 

air-water 

air-water 

air-water 

air-water 

air, steam-

water 

air-water, 

air-mineral 

oil 

air-water 

Test Section Diameter 

84 mm circular tube 

20 mm circular tube 

48 mm square channel 

rectangular channel 

25.4 mm tube 

19-140 mm circular tube 

254 mm circular tube 

33-66 mm rectangular tube 

914 mm planar channel 

model 

50.8 mm pipe 

12.8, 25.4, and 50.89 mm 

tube 

12.7 - 30.5mm 

50.8 - 254 mm 

50.8 mm 

15.9 - 69.9 mm 

50.8 mm 

26 - 76 mm 

19mm 

10.5 - 38.1 mm 

Simulating Geometry 

Hot Leg H 

Pipe V-I (75

90°) 

3x3 tube bundle V 

HFIR fuel assembly V 

Vertical pipe V 

Vertical pipe V 

Vertical pipe V 

Fuel assembly V 

Cold leg ECCS injection V 

For comparison to V 

RELAP5/MOD3 CCFL 

model 

Horizontal and inclined H-V-I (5, 

channels 10, 30°) 

Vertical tubes V 

Vertical tubes V 

Vertical tubes V 

Vertical tubes V 

Vertical tubes V 

Horizontal tube H-I 

Vertical and Inclined V-I 

Channels 

Vertical Pipe V 

H-horizontal test section, V-vertical test section, I-Inclined test section 
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channels. Hysteresis effects are also discussed, followed by a review of CCFL predictive 

models used in advanced thermal hydraulic computer codes, and CCFL in the AP600. 

2.2.1 CCFL in Vertical Channels and Tubes 

The following authors have published models for CCFL in vertical channels and tubes: 

Ruggles (1990), Sudo and Ohnuki (1982), Bharathan and Wallis, (1983), Dukler, et.al., 

(1984), McQuillan, et.al., (1995), Katto, (1994), Sudo and Kaminaga, (1989), Celata, et.al., 

(1989), Zabaras and Dukler, (1988), Ohkawa and Lahey, Jr. (1980), Imura, et.al., (1977), 

Richter, (1981), Wallis, et.al. (1981), Taitel, et.al. (1982), Taitel and Barnea, (1983), Chun 

and Chung, (1990), Lafi and Reyes, (1994), Lee and No, (1994), Sudo, (1996), No and 

Jeong, (1996). 

The following flooding correlation, developed by Wallis (1969), has received extensive 

use: 

J0.5 mj05 
(1) 

where: 

0.5
Pi 

ii) (2)
gD(pv pv) 

where <i> is the superficial velocity with i= Q or v, referring to either the liquid or the gas 

phase, p is the fluid density, and g is the gravitational acceleration. The parameters C and m 

are geometry dependent constants. The zero penetration limit is predicted using equation (1) 

when .1, equals zero. Thus equation (1) becomes: 
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Jos 
C	 (3) 

This correlation was found to be applicable to smaller diameter tubes. Wallis (1969), indicated 

that Kutateladze scaling is appropriate when the dimensionless characteristic length, D*, 

meets the following condition: 

D = D > 30.	 (4) 

where D is the tube diameter, and a is the surface tension. Flooding has been adequately 

correlated for D* > 30, using the Kutateladze flooding correlation which is defined as 

follows: 

Ku o.5 0.5 
+ MKI.le = C.	 (5) 

The Kutateladze number (Ku) is defined as: 

0.5 
PiKui = (	 (6)

PV11 0.5 

[ga(Pi 

As seen in equation (6), the flooding condition is independent of geometry when D* >30. In 

this equation the characteristic length is given by a critical wavelength expressed as follows: 

0.5 

X	 (7) 
g(PP pv) 

Pushkina and Sorokin proposed that flow reversal occurs when the vapor Kutateladze number 

is greater than or equal to 3.2, which is the generally accepted value. Therefore, the zero 
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penetration limit is described by: 

Ku, z 3.2 (8) 

2.2.2 CCFL in Horizontal and Inclined Channels 

Many have also reported models for CCFL in horizontal and inclined channels. They are: 

Wongwises, (1996), Ohnuki, et.al., (1992), Ohnuki, (1986), Ghiaasiaan, et.al., (1997), 

Lillibridge, et.al., (1994), Salim, et. al. , (1990), Tehrani, et.al., (1990), Gardner, (1983), Choi 

and No, (1995), Ralph, et.al., (1987), Siddiqui, et.al., (1986), Celata, et.al., (1990). One of 

the major applications of these models was to predict CCFL in the hot legs of a nuclear 

reactor. 

2.2.3 Hysteresis Effects 

A minimum upward vapor velocity is required to reach the Counter Current Flow 

Limitation. Once this minimum has been exceeded, a lower vapor velocity will suffice to 

maintain the liquid hold-up in the pressurizer. If the vapor velocity is further decreased below 

the deflood limit, the pressurizer will begin to drain. The zero penetration limit and the 

deflood limit are the two key events which define the hysteresis; one marking the complete 

liquid hold-up, and the other marking the return to reduced inventory delivery. This 

hysteresis effect, with regard to CCFL in vertical tubes, has been documented by Shoukri, 

et.al., (1994) and by Mayinger, et.al. (1993) in his studies of the Upper Plenum Test Facility 

(UPTF) test facility in Germany. 

Shoukri summarized his experimental results with two simple correlations. For an 
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increasing gas flow, the zero penetration limit, or onset of flooding is reached when: 

J," = 1.02. (9) 

For a decreasing gas flow, the return to reduced inventory delivery, or deflood, is achieved 

when: 

Jv" = 0.78. (10) 

These criteria will be compared to data from NRC-35. 

2.2.4 CCFL Models In Thermal Hydraulic Computer Codes 

Counter Current Flow Limitation models have been used in advanced thermal hydraulic 

codes such as RELAP5/MOD3, developed at Idaho National Engineering Laboratory 

(Modro, 1991) and CATHARE developed by CEA of France (Geffraye, 1997) to predict 

CCFL in steam generator tubes and hot legs. Both codes use a flooding limit equation based 

the work of Wallis and Kutateladze. 

2.2.4.1 CCFL Modeled in RELAP5/MOD3.2 

RELAP5/MOD3.2 implements the following flooding limit equation: 

+ mH 0 5 = C. (11) 

where: 

loi 
Hi = P1 

(12) 
gw(Pf -13v)] 
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and 

w = D 'PAY. (13) 

When p = 1, equation (11) becomes the Kutateladze flooding correlation. If I3 = 0, equation 

(11) becomes the Wallis flooding correlation. p can be chosen to be between 0 and 1 to fit 

a particular geometry. 

To implement the flooding limit equation given by equation (11), RELAP5 checks if 

counter current flow exists at a given node, and if the liquid down flow exceeds the limit 

imposed by equation (11). If this is true, the sum momentum equation and the flooding limit 

equation (11) are used to determine the liquid and vapor velocities. 

2.2.4.2 CCFL Modeled in CATHARE 

CATHARE uses an approach somewhat similar to that ofRELAP. For simple geometries, 

CATHARE offers a CCFL flooding option which implements the following general flooding 

equation: 
VE 

(14)D J: + = C. 

Setting v = 0.5 and c = 0 yields the Wallis flooding correlation. Setting v = 0.5 and c = 1 

yields the Kutateladze flooding correlation. Unlike the RELAP5 code, the exponent, v, can 

be varied to obtain a better fit to experimental data. 

CATHARE version 1.5 uses a Cross Momentum Equation (CME) to predict the flooding 

limit in more complex geometries. The simplified CME is defined as follows: 

aV aV 
af(1 -ad p v R + T. = af(1 -ad gAp. (15)P,, Isat at 
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where the specific interfacial friction correlation, is given by: 

*E 

Cis = of (1 -af) + m2(1 -ad \A 2 (vv 
C4D 

(16)
 

The limit void fraction, of obtained from envelope theory, gives the highest downflow for a 

given gas upflow. It is defined as: 

RVi-v 

of (17) 
1 + (R-1)X 

where the parameter I, is: 

pv D * 0.5 

I `iv) (18)
C2
 pv)iv 

and R is given by: 

o.5 

R = m2 (19) 
Pv 

Both RELAP5 and CATHARE have been used extensively for reactor system thermal 

hydraulic calculations. 

2.2.5 CCFL during Mid-loop Operations with a Loss of Residual Heat Removal (RHR) 

In their report entitled "Thermal-Hydraulic Processes During Reduced Inventory 

Operation with Loss of Residual Heat Removal,"(Naff et. al., 1992), state that pressurizer 

surge line flooding is possible at all decay heats considered if all ofthe steam generated in the 

core enters the 14-inch I.D. pressurizer surge line. This was based on calculations employing 
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the Kutateladze correlation. Their plot of the vapor Kutateladze number relative to decay 

heat and the fraction of steam entering the pressurizer surge line indicates that there would 

be liquid hold-up in the vertical section of the pressurizer surge line when at least 25% of the 

steam generated in the core (at >0.3% decay heat, 1979 ANS standard decay heat data) enters 

the pressurizer. The rated plant power used in this report was 3,411 MWth. The AP600 

rated plant power would be substantially less than this. 

The authors suggest 3 effects that could possibly lead to core level depression. They are 

flooding in the steam generator tubes, hot legs, and in the pressurizer surge line. Pressurizer 

surge line flooding should be expected when the RCS temperature reaches saturation. Steam 

flow to the pressurizer should be large because of condensation on the walls of the 

pressurizer. When the metal has been heated from condensation of incoming steam, the vapor 

flowrate would drop and flooding would cease. However, surge line flooding is still an issue 

when there is an opening at the top of the pressurizer. The steam generated in the core would 

still pass through the surge line to the pressurizer, thereby allowing convection of liquid to 

the pressurizer. This reduces the RCS inventory. It appears that a The subsequent 

occurrence of CCFL prolongs this inventory deficit. 

Lee, et.al., (1996) of the Institute of Nuclear Energy Research (INER) performed an 

experimental investigation using the INER Integral System Test facility (HST) in Taiwan. 

They concluded that the loss of mass inventory due to venting, as well as liquid hold-up in the 

pressurizer, may greatly reduce the time required to reach uncovering of the core. 

Test NRC-35 in the OSU APEX test facility examined CCFL in the pressurizer surge line 

during Mode 5 Cold Shutdown conditions with a loss of RHR in the AP600. The following 

chapter presents the details of this test. 
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3. APEX TEST FACILITY DESCRIPTION
 

The APEX Test Facility is a one-fourth height, one-half time scale, reduced pressure integral 

systems test facility. It accurately models the details of the AP600 geometry including the primary 

system, the passive safety systems, and parts of the non-safety grade CVCS and RNS. The 

interconnecting pipe routings are also duplicated in the model. 

3.1 Primary System 

All of the primary system components are fabricated of stainless steel and are capable of 

prolonged operation at 400 psia and saturation conditions. Figure 4 presents a schematic of APEX. 

Figure 5 presents a line diagram of the APEX test facility. 

Separator 
ADS 1-3 

Steam Generator 

IRWST
Pressurizer 

Core Makeup 
Tank (CMT) 

Reactor 
Sparger 

PRHR 

Accumulator 
Break Line 

DVI 
Lines 

- From 'sump 

Figure 4. Layout of the APEX Test Facility 
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Figure 5. Line Diagram of the APEX Test Facility 

The APEX primary system includes the following components: 

An RPV that models the upper and lower reactor internals, the core barrel, the downcomer, 

and the core. Connections for the hot and cold legs and DVI lines are provided. The RPV 

houses 48 electric heater rods each having a 1 inch (2.54 cm) diameter and a heated length of 

36 inches (91.44 cm). The maximum core power is 600 kW. 

Reactor coolant loop piping that models two primary loops, each consisting of one hot leg 

and two cold legs. Break spool pieces have been installed on the hot and cold legs, the DVI 

line, and the CMT-PBL to simulate pipe breaks. The discharge from these valves vent to the 

BAMS to separate and measure break flow rates. 

Two SGs, one on each loop, each having tube and shell dimensions scaled to simulate a 

Westinghouse Delta-75 SG. 
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Four RCPs, two attached to the lower channel head of each SG. 

A Pressurizer with internal heaters capable of controlling pressure and minimizing pressure 

spikes in the RCS. 

3.2 Passive Safety Systems 

The APEX facility includes the following passive safety systems: 

Two CMTs each having a pressure balance line that connects the CMT head to the cold leg. 

Each CMT also has an injection line that permits draining of the CMT into one of two DVI 

lines connected to the reactor downcomer. Check valves and isolation valves have been 

included. 

An ADS that includes three valves off the top of the Pressurizer. The flow from ADS 1-3 is 

directed to a sparger that vents directly into the IRWST. The ADS 1-3 flow nozzles are sized 

to represent two-trains of ADS 1-3 in the AP600. Fourth stage ADS is modeled by a single 

valve located off the top of each hot leg. The ADS 4 flow nozzles are sized to model two 

trains of ADS 4 on each hot leg in the AP600. Failure of the ADS 1-4 valves can be 

simulated by installing different flow nozzles. 

Two Accumulators pressurized with nitrogen to provide safety injection during 

depressurization events. Each accumulators has an injection line that connects to one of two 

DVI lines. Check valves and isolation valves have been included. 

An IRWST having two injection lines that connect to each DVI line. The IRWST is capable 

of being pressurized to 80 psia (0.55 MPa) to simulate containment backpressure. Return lines 

to the DVI lines are provided to represent containment sump recirculation lines. 

A PRHR heat exchanger located inside the IRWST. The PRHR is driven by natural 
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circulation. It draws liquid from one hot leg, rejects heat to the IRWST liquid, and returns 

cooled liquid into the lower channel head of one SG. 
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4. ASSESSMENT OF CCFL IN APEX AND AP600
 

This chapter presents the OSU scaling and pre-test calculations of CCFL done in preparation for 

NRC-35. It also presents the NRC-35 test conditions and the phenomena observed during the test. 

4.1 CCFL Scaling for APEX and AP600 

Based on an analysis of the AP600 geometry and the existing CCFL database, it was 

determined that the Kutateladze flooding correlation could be used to relate CCFL 

phenomena in the APEX andAP600 surge lines. The Idaho National Engineering Laboratory 

(Modro, 1991) did an analysis specific to APEX and the AP600 and found that Kutateladze 

scaling is appropriate when D* is greater than or equal to 32. Figure 6 presents a comparison 

of the APEX and AP600 values of D* as a function of pressure for the pressurizer surge line 

as reported in the APEX Facility Scaling Report (Reyes, 1995). The values of D* exceed 32 

at the full range of expected pressures for APEX and the AP600. Therefore any CCFL 

behavior observed in the APEX pressurizer surge line would be governed by the same 

dimensionless group, the Kutateladze number, as in the AP600 surge line. 

An analysis of Richter's (1979) data for CCFL in a 0.254m diameter tube showed that 

complete flow reversal (i.e., no downward liquid penetration) occurred at a Kutateladze 

number between 2 and 2.4 for their data set. 

Calculations were performed to assess the possibility of CCFL in the pressurizer surge line 

under Mode 5 Cold Shutdown conditions. The Kutateladze number was calculated based on 

the following assumptions: 
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Figure 6.	 Dimensionless Diameter for AP600 and APEX PZR Surge Lines as a 
Function of Pressure 

The plant is depressurized; fluid properties are at atmospheric pressure.
 

Steam generation is due to boiling in the core.
 

The decay power range is from 0.5 - 3 percent.
 

All steam exits only through the ADS lines.
 

The flow was parametrically varied between ADS 1-3 and ADS 4.
 

No energy is lost through PRHR cooling, SG PORVs, or SG reflux condensation
 

cooling.
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Figure 7. Predictions for the Onset of CCFL in APEX 

No CMT, ACC, or IRWST injection.
 

The Kutateladze flooding correlation for vertical counter current flow is appropriate.
 

All of the inclined pipes in the surge line are at an angle of 2 degrees or greater.
 

The criterion for the occurrence of CCFL was a Ku > 3.2. For the case of no ADS 4 

flow, (i.e., 100% ADS 1-3 flow) the calculation predicted that CCFL would occur in APEX 

at decay powers greater than 0.8 percent. This is shown in Figure 7. Similarly, Figure 8 

shows that CCFL would occur in the AP600 at decay powers greater than 0.15 percent if 

there were no ADS 4 flow. The difference is due to the scaling of the APEX surge line. A 

higher decay power was needed to observe CCFL in APEX. It was noted that due to scaling 

considerations, the vapor velocities and therefore Kutateladze numbers encountered in the 

AP600 would be approximately 6 times greater than those found in APEX (1/96 power, V2 

time scale). Thus the occurrence of CCFL during APEX testing would indicate that CCFL 
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Figure 8. Predictions of Onset of CCFL in AP600. 

Figure 9 shows that the APEX and AP600 Kutateladze numbers would overlay at decay 

powers of 0.83% and 0.15%, respectively. 

4.2 Description of NRC-35 

NRC-35 was successfully performed on February 11, 1998 with observers present from 

NRC's Office of Research (RES) and Office of Nuclear Reactor Regulation (NRR). The test 

facility was configured to simulate Mode 5 Cold Shutdown conditions, with a loss of the 

Residual Heat Removal (RHR) system and additional conservative failures. Passive safety 

systems such as the ACCs, CMTs, one DVI line, 2 of the four ADS 4 valves, and the 

PRHR were assumed unavailable. The SG secondary sides were assumed to have been 

drained for maintenance and hence unavailable for reflux condensation cooling. There 
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Figure 9 Onset of CCFL in APEX and AP600. 

were no breaks associated with this test. An appropriate orifice was chosen for the ADS 3 

line to simulate both trains of ADS 1-3 in the AP600. ADS 4-2 simulated 25 percent 

availability of the four ADS 4 valves in the AP600, while ADS 4-1 represented 2 of the 4 

trains. 

Prior to starting the test, APEX was at atmospheric pressure with the ADS 1-3 

line open. The RCS liquid was at 160°F and the primary system was liquid filled to the 

midpoint of the pressurizer. The IRWST was isolated and both trains of ADS 4 were 

closed. Because APEX does not include a normal RHR heat exchanger, a loss of RHR 

cooling was simulated by bringing the core power to 190 kW, just below 1 percent decay 

power. This power was held constant throughout the test. Constant decay power, though 
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not rigorously precise, is a close approximation for the time period after shutdown being 

considered for this test (i.e., 24 hours after reactor scram). 

As per the test procedure, the operator was required to open ADS 4-2 and the 

IRWST/DVI-2 isolation valve 15 minutes after the reactor vessel liquid level reached V2 

inch in both of the hot legs. The operator was also required to open ADS 4-1 and close 

ADS 4-2 if the reactor vessel mixture level decreased to the top of the heater rods. 

4.3 Test Observations 

The chronology of the test can be divided into the following phases: a Subcooled 

Phase in the reactor vessel, a Flooding/Entrainment Phase when the system reached 

saturation, a CCFL Phase, and the IRWST Injection Phase. The sump recirculation phase 
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Figure10. Normalized Pressurizer and Surge Line Liquid Levels in NRC-35 
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1 

is not examined in this thesis. Figures 10 through 12 illustrate these phases on plots of 

pressurizer and pressurizer surge line levels, reactor vessel liquid level, and reactor vessel 

pressure.. The following sections describe each of these phases. 

Subcooled Flooding/Entrainment CCFL IRWST Injection 
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Figure 11. Normalized Reactor Vessel Liquid Levels in NRC-35 

4.3.1 Subcooled Phase 

During this phase, the liquid in the pressurizer, surge line and the hot legs was 

subcooled. The core exit quickly reached saturation conditions. However, the vapor 

generated in the core was condensed by direct contact with the subcooled liquid in the hot 

leg, surge line, pressurizer and the component metal surfaces. Eventually, the entire 

primary system reached saturation which concluded this phase of the transient. As shown 
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in Figure10, the pressurizer level increased, while the surge line level remained constant. 

Figures 11 and 12 show that the vessel liquid level slowly decreased while the pressure 

rose slightly during this phase. 

4.3.2 Flooding/Entrainment Phase 

As shown in Figure 13, during the Flooding/Entrainment Phase of the transient, the 

vapor flow rate gradually increased to its maximum value. Reactor vessel liquid was swept 
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Figure 12. Normalized Reactor Upper Head Pressure During NRC-35 

out through the surge line and pressurizer to the IRWST via the ADS 1-3 line until the 

reactor vessel liquid level decreased to the hot leg elevation. This is shown in Figure 10. 
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Figure 13. Normalized Vapor Velocity for test NRC-35. 

When the hot leg uncovered, a counter current flow was established in the pressurizer 

surge line allowing the pressurizer to drain as shown in Figure 10. As the pressurizer 

drained, the dramatic decrease in reactor vessel level was halted. The counter current 

flow in the surge line continued as the vapor flow rate increased. The vapor flow rate 

increase was accompanied by a decrease in the pressurizer draining rate. The vapor flow 

rate increase is reflected in Figure 13. At this vapor flowrate, the Kutateladze number 

reached a maximum value of 4.3, exceeding the flooding limit criterion and thus ending 

this phase of the transient. 
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Figure 14. Kutateladze Number in Pressurizer Surge Line During NRC-35 

4.3.3 Counter Current Flow Limitation and Hysteresis 

CCFL was observed during this phase of the transient. This was indicated by a 

constant pressurizer level in conjunction with an essentially voided surge line as shown on 

Figure10. The Kutateladze number was greater than 3.2 at the onset of this phase. After 

CCFL was established, the Kutateladze number dropped to a constant value of 3.0 as 

shown in Figure 14. Although this value of the Kutateladze number is less than the onset 

criterion, CCFL continued due to a hysteresis effect. 

During this phase of the transient, the reactor vessel pressure, the reactor vessel 

temperature, the pressurizer pressure, the pressurizer level, the surge line level and the 

ADS 1-3 vapor flow rate remained constant. However, the reactor vessel liquid level 



29 

3.0 

2.5 

ONSET Ku, °.5 = 1.88 

2.0 
sr 

1.5 

Ku, 05	 DEFLOOD Kuy° 5 = 1.01 

1.0 

0.5 

0.0 

0	 2 4 6 8 10 12 14 16 18 20 

NRC-35 Data Points 

Figure 15. Onset and deflooding criteria for NRC-35 using the Kutateladze number. 

continued to decrease due to boiling as shown in Figure 11. As per the test procedure, 

ADS 4-2 was opened 15 minutes after the liquid level reached 0.5 inches in both hot legs. 

This simulated the opening one of four ADS 4 valves in the AP600. ADS 4 actuation 

concluded this phase of the transient. 

During the increasing vapor flowrate period for test NRC-35, the zero liquid 

penetration limit was actually achieved in the surge line when: 

Kuv0.5 = 1.88.	 (20) 

When this condition was met the liquid level in the surge line went to zero, indicating that 

the reduced inventory delivery period had been terminated. It is noted that this 
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corresponds to a Kutateladze number of 3.5 rather than the generally accepted value of 

3.2. However, this discrepancy is well within the uncertainties of the pressure and flow 

instrumentation. The opening of the ADS 4 valve resulted in a decreased steam flow 

through the pressurizer surge line. For this period of decreasing vapor flow the return to 

reduced inventory delivery, or deflood, was achieved when: 

Kuv" = 1.01.	 (21) 

Figure 15 shows the onset and deflood limits for the hysteresis behavior observed during 

NRC-35. 

It was noted in section 2.2.3 that Shoukri, (1994) had developed similar criteria for 
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Figure 16. Onset and deflooding criteria for NRC-35 using a Wallis number. 
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the hysteresis behavior using the Wallis number. The onset and deflood criteria stated in 

that work are significantly larger than that measured for NRC-35. As shown in Figure 16, 

for an increasing steam flow rate in NRC-35, the zero penetration limit was reached when: 

Jv" = 0.76 (22) 

For the decreasing steam flowrate in NRC-35, deflood was achieved when: 

Jv" = 0.41 (23) 

The differences in these two sets of criteria could be attributed to the significant 

differences in the geometries being examined. Shoukri's study involved sharp-edged 

entrance vertical tubes whereas the pressurizer surge line in APEX simulates the AP600 

surge line which is quite complex and nearly horizontal in sections. Nonetheless, the 

hysteresis behavior is similar, and clearly observable. 

4.3.4 IRWST Injection 

During this phase of the transient, ADS 4-2 and IRWST/DVI-2 were opened. This 

resulted in a drop in system pressure and the start of IRWST injection as shown in Figure 

12. The IRWST draining rate, though weak, was sufficient to recover the liquid level in 

the reactor vessel as shown in Figure 11. This test is conservative, recalling that the 

IRWST could not be pressurized to simulate full height AP600 conditions. 
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5. CONCLUSIONS
 

5.1 Summary 

The following conclusions have been drawn from the NRC-35 test. 

Existing studies indicate that the Kutateladze flooding correlation is 

appropriate for scaling the AP600 pressurizer surge line. 

Pool boiling calculations show that without ADS 4 flow, CCFL would occur 

in the AP600 at a decay power of 0.15%. This is simulated by a decay power 

of 0.83% in APEX. 

NRC-35 was designed to simulate a Mode 5 Cold Shutdown with a loss of 

RHR. CCFL was observed in APEX for this test. It is expected that surge 

line vapor velocities would be six times as great in the AP600. As a result, 

CCFL and subsequent pressurizer liquid hold-up would be expected to occur 

in the AP600 for this transient. 

Approximately 25% of the primary liquid inventory was held up in the 

pressurizer. 

CCFL hysteresis was observed in NRC-35. The value for onset of CCFL was 

found to be given by a Kutateladze number equal to 3.53 which is close to the 

commonly accepted value of 3.2. The deflood criterion was found to be given 

by a Kutateladze number of 1.04. 

The onset and deflood criteria for NRC-35 were significantly different from 
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those published by Shoukri in terms of a Wallis number. The difference could 

be attributed to differences in the facility geometries being examined. 

5.2	 Recommendations for Future Research 

Additional tests are needed to study the hysteresis onset and deflooding criteria. 
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